Direct torque control (DTC) of an induction motor fed by a voltage source inverter is a simple scheme that does not need long computation time. The main advantage of DTC technique is that it is not sensitive to the variation of motor parameters except the stator resistance in its flux observer especially at low speed operation. The stator resistance can be changes during the motor operation due to ambient temperature or frequency. This paper, introduces an additional on Line fuzzy controller used to estimate the stator resistance for the DTC flux observer. The inputs for the proposed fuzzy controller are speed and stator current errors between the traditional DTC flux observer values, which using constant value of the stator resistance equals to the nominal value, and their values using the proposed on line stator resistance estimator values. The induction motor saturated pi model is used which is more practical than the approximate linear model especially in the large motors. The saturation function and the motor parameters are identified experimentally. The proposed technique response is checked at sinusoidal and trapezoidal reference speeds. The results show good improvements of the DTC response using the proposed adaptive fuzzy controller during on line variation in the stator resistance of the induction motor.
INTRODUCTION
In recent years significant advance have been made on the sensor less field oriented controlled induction machines drives. In the middle of 1980 direct torque control was developed as an alternative to field oriented control to overcome its problems [1] . In direct torque controlled (DTC) induction motor drive supplied by a voltage source inverter, the scheme as the name indicates, it is possible to control directly the stator flux linkage rotor flux or the magnetization flux and the electromagnetic torque by selecting of an optimum inverter voltage vector through a predesigned inverter gate pulses look-up tables [2] . The stator flux and electromagnetic torque are controlled in a closed loop by using flux and torque hysteresis comparators. Then, the selection of the optimum voltage vector of a voltage source inverter is to restrict the flux and torque errors within their respective flux and torque hysteresis comparator bands to obtain fast torque response, low inverter switching frequency and low harmonic losses [3] . Unlike field oriented control method, DTC techniques require utilization of hysteresis band comparators instead of flux and torque controllers. In addition, utilization of look-up tables to select inverter switching gate pulses is to replace the coordinate transformation and pulse width modulation (PWM) signal generators of field oriented control [4] . Before explaining the control principals of DTC we will first develop a torque expression as a function of the stator and rotor fluxes. Two level voltage source inverter or six step voltage inverter schematic is the most commonly used in DTC of induction motor. Recently, there are many topologies for the voltage source inverter used in DTC of induction motors as three level voltage source inverter that enhance the output voltage vector possibilities since more voltage inverter states are available. The DC supply to the inverter is provided either by a battery or a rectifier supplied from three phase AC source. Usually there is no neutral load connection between the motor and the inverter, the inverter output voltage (phase to neutral) is only dependant on the DC voltage link supplying the inverter (E) and the Boolean states of the inverter branches Sa, Sb and Sc as given in equation (1) [5] .
(1)
The status of each inverter branch can be represented by two Boolean states 0 or 1 and considering the combinations of status of phases a, b and c, there are eight admissible combination of the three pairs of switches groups. Accordingly the resulting space voltage vector driving the motor has eight possible positions or values. Two of these positions are null vectors, and correspond to the three upper switches closed, V 7 (1 1 1), or three lower switches are closed, V 0 (0 0 0) [6] . The remaining six positions are the active (non null) values of the space voltage vectors. The amplitude of the space voltage vectors depends only on the value of the DC link voltage. The six active space voltage vectors have the same amplitude equal to (2E/3) with regular phase angle of 60 o , which are dividing the plan into six regular sectors (each 60 o angle wide) and each of them lies in the center of a sector of 60 o width named S 1 to S 6 . The stator resistance voltage drop at high speed is very small which can be neglected but at low speed this approximation is not valid because stator resistance voltage drop take a significant portion compared with the input stator voltage accordingly, it has to be taken into consideration and be properly compensated [7] .
In this paper, an adaptive on line estimator for the stator resistance value using fuzzy scheme is proposed to enhance the DTC flux observer accuracy and reliability using the speed and stator current errors. DTC stator flux observer principles are discussed to present the effect of stator resistance value on the DTC drive motor behavior. Also the saturation pi model parameters and saturation function are identified experimentally. The proposed on-line fuzzy scheme is presented and the simulation results are demonstrated.
DTC STATOR FLUX OBSERVER
The basic idea of the DTC concept is to choose the best voltage vector, which makes the stator flux rotates and produce the desired torque in a predefined band [8] . The DTC has the advantage that it is based on estimation of the instantaneous values of the flux and torque from stator variables only which are easily measurable. Most of the flux estimation techniques proposed is based on voltage model and current model or the combination of both, but both methods still have some drawbacks [8] . DTC technique can be used for speed control of three phase induction motors by adding an external speed control loop to the main core of the DTC. In such technique the motor speed is compared with reference speed then the resulting speed error is controlled by a PI speed controller in order to get fast speed response. The output of the PI controller used as a torque reference for the hysteresis torque comparator. The DTC with conventional stator resistance estimator is shown at Fig.1 . The better accuracy in stator flux estimation can be achieved using modern flux observers instead of conventional flux estimators. Flux observers need a higher speed digital signal processor DSP or micro controller because of their high computation burden compared with other methods of flux estimators, but they are less sensitive to motor parameters variations. The reference values of the stator flux * s  and electromagnetic torque * e T magnitudes are compared with their respective estimated values and the torque and flux errors are processed through three level and two level hysteresis band controllers. Usually the values of hysteresis band width are chosen to be within ±2% to ± 6% of the reference values. These values shall be selected carefully, because of a too small values may have the effect of losing the control. Furthermore the flux hysteresis band mainly affects the stator current distortion, and the torque hysteresis band affects the switching frequency and thus the switching losses [3] . The output of both torque and flux hysteresis comparators to the voltage vector selection block to generate the appropriate control voltage vector for the inverter by a predesigned look-up table. The selection of the appropriate voltage vector is based on restricting the stator flux and electromagnetic torque errors within their respective hysteresis band width. 
Effect of Stator Resistance
The stator flux linkage can be expressed as [8&3]:
The stator flux is directly affected by impressing the stator voltage V s through the output of a voltage source inverter, which has only eight voltage vectors including six nonzero voltage vectors and two zero ones. Because of the stator flux changes discretely at the switching intervals and the applied voltage to the stator is one of the 8 th voltage vectors of the two levels VSI. Therefore, equation (2) can be rearranged as: 
The variation of R s may influence the calculation of stator flux significantly and thereby the overall performance of the DTC system. At low speeds, the back emf term is small, and the resistive drop R s I s is comparable with the supply voltage magnitude Vs. Therefore any change in stator resistance gives wrong estimation of stator flux and consequently of the electric torque, stator current and the stator flux position. An error in stator flux position is more important as it can cause the controller to select a wrong switching state which can result in failure of the controller. So the parameter mismatch between the controller and motor makes the drive system unstable. So the stator resistance compensation is essential to overcome instability in DTC control [9] .These make a sound to have a reliable on line stator resistance estimator to improve the DTC drive global performance which is the target of this paper.
SATURATED INDUCTION MOTOR MODELING
The main results of the dissertation on induction motor control under magnetic saturation will be based on the π-model in this paper as the πmodel was experimentally found be better suited to capture the nonlinear magnetic effect, and furthermore it is much easier , as will appear shortly, to deal with in terms of nonlinear control law synthesis. The relationship between the currents and the fluxes for the π model can be compactly written as [10]:
Where; I 2 is the 2x2 identity matrix, g l is the reciprocal of the leakage inductance ( L l ), g s and g r are the stator and rotor vector-valued nonlinear saturation functions. The scalar saturation functions g s and g r only affect the magnitude, while keeping flux and current at same direction. These functions are monotone increasing and are non zero at the origin. The saturation functions g s (x) and g r (x) have to be identified experimentally for each motor as shown in the next section.
Motor Parameters and Saturation Function
The parameters of the motor models used in this study are given in table (1) and were calculated experimentally from no load test and short circuit test. The saturation functions are determined from the no load test as the following;
The mutual inductance voltage equations are: using equation (7) . From equations (8) and (9), the magnetization curve (relation between (ψ m and I m ) can be plotted as shown in Figure (2) . From the magnetization curve, the magnetization function (ψ m ) as a function of (I m ) can be obtained using curve fitting. If the mutual inductance is needed, it can be obtained by fitting the magnetization curve to a straight line passing through the origin. The stator saturation function is:
Similarly the rotor saturation function is: 
PROPOSED ADAPTIVE FUZZY CONTROLLER
The procedure of implementing fuzzy logic controller is known as fuzzy logic inference system (FIS). Generally, there are three main fuzzy inference systems Mamdani fuzzy logic inference system, Sugeno fuzzy logic inference system, and Tsukamoto fuzzy logic inference system [10] . In this paper Mamdani fuzzy logic controller is used. The block diagram for the proposed fuzzy controller for online stator resistance adaptation of the flux observer for any variation in the stator resistance for induction motor is shown in Fig. 3 . The inputs for the fuzzy controller are, errors between the measured values of the motor speed and the stator current (I s ) and its estimated values (ω). The speed error is the difference between the speed reference (ω ref ) and actual speed (ω). While the stator current error is the difference between the stator current without adapting the stator resistance that mean at R s equal to R sn and the estimated current at (I s estimated ) with adapting at R S equal(R s adaptive ) . The on line value of the stator resistance at each sampling time calculated as follows:
The speed error is:
The stator current error is: 
SIMULATION RESULTS AND DISCUSSIONS
The proposed system simulation was done by using SIMULINK and FUZZY toolboxes under MATLAB program. The motor parameters and the saturation functions that had been identified in the previous section experimentally were used in the study. The proposed DTC controller performance reliability was checked at different reference speeds.
5.1: Sinusoidal Reference Speed, Case 1
The simulation Conventional DTC motor speed is shown in Fig. 4a . The results illustrate that there is a small deviation between the actual motor speed and the reference speed during the increasing period (0-10) sec. After this period while the stator resistance value was 16 ohm, the actual motor speed with conventional DTC cannot reach its reference value and there was a significant difference between them, even in the speed direction. While Fig. 4 .b shows the proposed fuzzy controller motor speed which illustrates that the actual speed and the reference speed are identical and the proposed fuzzy controller performance has a high reliability even with sinusoidal reference speed.
Rotor flux at conventional DTC is shown in Fig. 5 .a as the reference value was at 0.4 Weber. It shows that the conventional DTC fails to fulfill the rotor flux reference during the increasing of the stator resistance as it keep the resistance value constant with its nominal value. The proposed fuzzy controller rotor flux is shown in Fig. 5 .b which shows that the fuzzy controller succeed to adapt itself during the stator resistance change and keeping the rotor flux equal to the target reference value. Figure 6 .a shows the stator current while Fig. 7 .a shows the motor torque for the conventional DTC which illustrate that their values cannot match the speed change and its values are going down and then back as a constant and this is due to the difference between the reference speed and the actual motor speed and also due to rotor flux deviation. The proposed fuzzy controller stator current and torque in Fig. 6 .b and Fig. 6 .c respectively and it show that their values are stable, reliable and match the reference speed. The proposed fuzzy controller estimation for the stator resistance during the on line change of its value is shown in Fig. 8 which indicate that the proposed technique has a high sensitivity for the stator resistance change. 
5.2: Trapezoidal Reference Speed, Case 2
This case studies the reliability and sensitivity of the proposed fuzzy controller at trapezoidal reference speed during the on line increasing of the stator resistance with the same manner of case1. Simulation result for the proposed fuzzy controller motor speed is shown in Fig.9 .a, it illustrates that the actual speed is tracked the reference speed during the stator resistance change period. Also the rotor flux of the proposed fuzzy controller rotor flux in this case is introduced at Fig. 9 .b, which shows that it achieves the target reference values assigned by 0.4 Weber and adapt itself during the stator resistance change period with high sensitivity. The stator current and motor torque in this case are shown in Fig. 9 .c and Fig. 9 .d respectively which illustrate that their values are changed sensitively and matched the change of the motor speed and the stator resistance. Figure10 shows the proposed fuzzy controller estimation output for the stator resistance during the on line change and it shows the high sensitivity of the proposed technique to reach the actual value of the stator resistance during the motor on line operation. 
CONCLUSION
The stator resistance of the induction motor can be increased during the normal operation and this can be due to the increasing of the ambient temperature and/or overloading and /or increasing of the core losses or the motor original parameters are changed. The DTC flux observer causes a poor response of the controller during the variation in the stator resistance which may lead to instability of the control system. In this paper the saturated model of induction motor is used, and the saturation function and the motor parameters are identified experimentally. Also a fuzzy controller is proposed to be used for online adaptation of the stator resistance value for the flux observer. The results indicated that the proposed fuzzy controller improve the DTC performance during the on line change of the stator resistance. The proposed technique is simple and checked for both sinusoidal and trapezoidal reference speeds. The results show that the proposed system is reliable and sensitive and can be implemented for the DTC performance enhancement.
